Background Non-freezing cold injury (NFCI) is a syndrome in which damage to peripheral tissues occurs without the tissues freezing following exposure to low ambient temperatures.
Introduction
The UK military operates the only existing Cold Injuries Clinic (CIC), which was established in response to the high incidence of non-freezing cold injuries (NFCIs) sustained in the Falklands conflict of 1982 [1] . During the conflict, 20% of British casualties evacuated to the hospital ships were due to NFCI [2] , and 98% of the troops at the front line suffered NFCI [1] . In peacetime, cold injuries remain a burden to the military, with a loss of manpower due to downgrading or discharge. In 2012-13, 604 fresh cases of suspected cold injury were referred to the CIC.
NFCI is a syndrome in which damage to peripheral tissues (commonly the feet or hands) occurs without the tissues freezing following exposure to low ambient temperatures. During the cold exposure, local coldness, pallor and nail bed cyanosis and impaired or absent sensation are common. During rewarming, painful hyperaemia and oedema may develop. Whilst the resulting symptoms may be minor or short lived, long-term debilitating sequelae may result [3] . Although the pathogenesis of NFCI is poorly understood, it appears that impaired microvascular flow leads to neurovascular damage, and there is evidence that cold also causes direct damage to nerve fibres [4, 5] . Pain often triggered by cold exposure is a dominant symptom and the most troublesome residual complication is reduced tolerance to cold, which has been reported in 70% of cases [3] ; the associated symptom described by the patient is cold sensitivity.
The diagnosis of NFCI is based on a detailed patient history and the nature of the signs and symptoms experienced by the patient. Assessing the severity of cold sensitivity objectively by interview can be problematic because patients with vascular disorders can underreport or overestimate symptoms as these depend upon subsequent cold exposure which can vary greatly [6] . In the CIC, a cold stress test (CST) is used to assess the severity of cold sensitivity. For the CST, the patient rests in a warm environment for 1 h and then immerses the affected limb in cold water for 2 min. Vasomotor response is assessed by taking thermal images of the limb, pre-and post-immersion and 5 min post-immersion. The thermal images are graded by a CIC clinician, who reports the severity of cold sensitization on a scale ranging from 'normal' to 'very severe'. The principle for the CST is that in individuals with no history of cold exposure, the blood vessels of the peripheral vasculature should dilate when resting in a warm environment, vasoconstrict during brief local cold exposure, and quickly return to the previous state of vasodilation following the local cold stress [7] . A protracted (longer than 5 min) vasoconstrictor response is considered an indicator of cold sensitization.
The aim of the study was to assess the test-retest reliability of the CIC-CST in a group of normal (nonpatient) volunteers.
Methods
The study followed a within-subjects repeated measures design. Each volunteer completed the standardized CIC-CST on three occasions, at the same time on consecutive days. Black and white volunteers were included as the incidence of NFCI is greatest amongst personnel of black ethnic origin [8] . Informed consent of volunteers was gained in accordance with the Declaration of Helsinki [9] ; the protocol was approved by the Ministry of Defence Research and Ethics Committee [10] .
Volunteers were instrumented with a heart rate monitor (Polar Electro, Kempele, Finland) and four skin thermistors (Grants Instruments, Cambridge, UK) [11] . Tests were conducted in the CIC environmental chamber with the air temperature maintained at 30°C (tolerance +2°C to −0°C). Volunteers rested for 60 min seated in the chamber, thermograms of the plantar surface of the left foot were then taken with volunteers recumbent on a couch, the left foot placed in a thin plastic bag was immersed in a water bath (maintained at 15°C with a tolerance of 0.5°C) to the medial malleolus for 2 min. The foot was then removed from the plastic bag, and thermograms taken immediately and 5 min post-immersion. Assessment of the left hand immediately followed, thermograms of the plantar surface of the hand were taken with the arm resting on the couch, and the hand in a plastic bag was immersed to the wrist for 2 min and thermograms taken immediately and 5 min post-immersion.
Thermographic images were taken using an infrared camera (A320, Flir Systems, UK) and the three thermograms for each CST printed in sequence on a single sheet. For each volunteer, there were three sheets (i.e. one from each test day) each showing three thermograms, for both the hand and foot (i.e. six sheets and 18 thermograms in total).
The two CIC clinicians (A and B) graded the thermograms for severity of cold sensitization in accordance with their clinical judgement and experience. An outline describing the basis for the cold sensitization grading system is shown in Table 1 . Table 1 was developed by the principal CIC clinician and it describes the broad prin ciples of the grading system. Although the lower and upper points on the scale ('normal' and 'very severe') are fixed, the gradings between represent a continuum and are not necessarily at equal intervals. However, the subjective gradings of the clinicians take into account more factors than can be codified into a table, such as, the range of temperatures observed, spatial patterns, the relevance of callus at the heel and the crossed-lateral response. The lead author graded the thermograms directly in accordance with Table 1 .
Random numbers were allocated to the thermograms before they were presented for grading and it was not possible for the clinicians or lead author to identify the volunteers or to match the tests for each volunteer. The thermograms were presented to the clinicians and the lead author a second time 1 week to 2 months later (with different random numbers allocated). The cold sensitization gradings were then coded with the numerical score.
Spot temperatures were taken from the thermogram for each toe pad and thumb and finger pads and were Very severe <28 whole area <28 whole area recorded, the lowest of the five temperatures for each limb was used for statistical analysis. Skin perfusion was measured by Laser Speckle Contrast Analysis (LSCA) using a full field laser perfusion imager (MoorFLPI, Moor Instruments, Axminster, UK). LSCA involves illuminating the tissues with a diverging infrared laser beam and receiving the image on a charged coupled device camera, which generates a colour coded map of tissue perfusion at the level of the nutritive capillaries (i.e. <1 mm). The LSCA technique is non-invasive and blood flow is assessed in real time in arbitrary laser speckle perfusion units [12] . Data were collected for 30 s intervals pre-immersion, immediately post-immersion and 5 min post-immersion and mean flux values calculated.
Intra-and inter-rater reliability of the two clinicians and lead author's cold sensitization gradings were determined using Cohen's kappa [13] . The test-retest reliability of the three tests for the volunteers was determined using Cohen's kappa for multiple ratings [14] -this was undertaken on the first set of gradings made by the two clinicians and lead author. The test-retest reliability for the feet was also calculated with amended data, such that if one of the three tests was rated as one category apart from the other two tests (which were the same), it was amended to the same value. In accordance with established norms, a kappa value <0.20 indicates slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement and 0.81-1.00 almost perfect agreement [15] . The authors consider that a kappa value of 0.61 (substantial agreement) and above represents adequate reliability for the purpose of this study.
Repeated measures analysis of variance (ANOVA) was undertaken on the mean skin temperature and heart rate data collected in the 1 h equilibration period, toe and finger pad temperatures and skin perfusion data to identify systematic bias. Significance was subsequently interrogated using pairwise comparisons with Bonferroni correction. Random error was determined using three ways limits of agreement (LoA) (Equation 1) and the coefficient of variation (CV) expressed as a percentage of the grand mean (Equation 2) [16] . In the equations, MSE is the mean squares error and was determined from the repeated measures ANOVA.
Multivariate analysis of variance (MANOVA) was used to determine whether there were any differences in toe and finger pad temperatures pre-immersion and 5 min post-immersion due to ethnicity. Significance was subsequently interrogated using pairwise comparisons with Bonferroni correction. The relationships between toe and finger temperatures and the NFCI grading (first grading session) were determined using Kendall's tau (τ) correlation [17] , the correlation values were converted to z-scores, and the z-scores for the white and black volunteers compared. The level of significance was taken as P <0.05.
Results
Thirty white (northern European) and 19 black (African or Caribbean) males volunteered. Volunteers were aged 18-40 years, healthy with no self-reported history of NFCI and did not suffer from peripheral vascular problems. Mean skin temperature and heart rate for the black and white volunteers in the 1 h equilibration period did not differ between the three tests. The mean (SD) values at the end of the equilibration period were 34.4 (0.4)°C and 76 (13) beats/min. The mean (SD) chamber temperature was 31.3 (0.2)°C and mean (SD) water temperature during immersion was 15.0 (0.1)°C. A summary of the cold sensitivity gradings awarded to the thermograms are given at Tables 2 and 3 . There was substantial intra-rater reliability for the repeat gradings awarded by the clinicians to the foot (κ scores of 0.77 and 0.75 for clinicians A and B, respectively) and to the hand (κ = 0.67) by clinician B, and almost perfect intra-rater agreement between the gradings awarded by clinician A to the hand (κ = 0.87) and the lead author for the hand (κ = 0.90) and foot (κ = 0.89).
Substantial inter-rater agreement was achieved between each of the clinicians and the lead author for the foot gradings (κ = 0.77 and κ = 0.65), and moderate inter-rater agreement between the gradings of the two clinicians (κ = 0.53). For the hand gradings, substantial inter-rater agreement was achieved between clinician A and clinician B (κ = 0.66) and clinician A and the lead author (κ = 0.78) and moderate agreement between clinician B and the lead author (κ = 0.57).
The hands of 90% of the white and black volunteers and the feet of 60% of the black volunteers were graded as normal, and the most common cold sensitization grading (40%) for the feet of the white volunteers was mild to moderate. The κ statistics for the test-retest reliability of the three tests according to each of the graders are shown in Table 4 . There was substantial and in some cases almost perfect agreement between the cold sensitization gradings for the three tests involving the hands. For the foot, there was only slight or fair agreement between the three tests. With the amended foot data, the ratings of clinician A and the lead author indicated substantial agreement between the cold sensitization gradings for the three tests, and the ratings of clinician B indicated substantial agreement between the three tests for the white and fair agreement between the three tests for the black volunteers.
Mean (SD) toe and finger pad temperatures are shown in Table 5 . Finger temperatures for the white and black volunteers were restored to pre-immersion values at the 5 min post-immersion time point, whereas toe temperatures were not fully restored. There were differences between the three tests for the white volunteers' toe temperatures pre-immersion (P < 0.05) and the black volunteers' pre-immersion toe (P < 0.01) and pre-immersion finger temperatures Table 4 . Test-retest reliability-κ value, SE (κ), 95% confidence interval-based upon the cold sensitization gradings for the three tests for the white (n = 30) and black (n = 19) volunteers The first number is from the first grading and the second from the second grading session.
(P < 0.05). Pairwise comparisons indicated that the main difference in the white volunteers' toe temperature preimmersion was between tests 1 and 3 (P < 0.05), with temperatures higher on the third than the first test. For the black volunteers, higher temperatures were recorded on the second than the third test (toe P < 0.01; finger P < 0.1). The LoA and CV indicate high agreement between the three tests for pre-immersion toe and finger pad temperatures and the white volunteers' 5 min post-immersion finger temperatures. There was moderate agreement for the white volunteers' 5 min post-immersion toe temperatures and the black volunteers' 5 min post-immersion finger temperatures. There was low agreement between the three tests for the black volunteers' 5 min post-immersion toe temperatures. The MANOVA indicated significant differences between the temperatures observed in the white and black volunteers. The differences occurred in the third tests for pre-immersion toe temperatures (P < 0.01), post-immersion toe temperatures (P < 0.05) and pre-immersion finger temperatures (P < 0.01), with lower temperatures observed in the black volunteers.
Skin perfusion data for the white volunteers are shown in Table 5 . Skin perfusion of the hands did not differ between the three tests, whereas, for the foot, there were differences in pre-immersion skin perfusion (P < 0.01), perfusion was higher on the third test than the first test (P < 0.05). The LoA and CV data indicate poor reproducibility between the three tests and a large degree of random error.
The correlation values (τ) between the toe and finger temperatures and the cold sensitization grading awarded to the thermograms by the graders are shown on Table 6 . A negative correlation indicates that as the grading increased (or became more severe) temperature decreased. The relationships were stronger for the white volunteers than the black volunteers.
Discussion
This study found that CIC clinicians can assign cold sensitization gradings to a series of thermograms produced during the CST with substantial reliability. Although the subjective judgement of the clinicians' was not as consistent as using the more objective assessment used by the lead author, the reliability of the assessments by the clinicians was still considered good. The intra-and inter-rater agreement in the current study was comparable or better than found in similar studies of rater agreement of images (radiographs, computerized tomography angiography and perfusion maps) that are routinely undertaken clinically [18] [19] [20] . However, it is suggested that the clinicians should aim to improve the level of agreement in gradings for the feet so that substantial agreement is achieved. The majority of black volunteers were graded with normal cold sensitization responses of the hands and the feet, whereas the majority of the white volunteers had a normal response to the hands but the feet were graded as mild-moderate. Previous work has demonstrated cold sensitization in the feet of individuals who have not sustained a cold injury but have experienced repeated cold exposure [21] . This suggests that the poor perfusion that is a characteristic of cold sensitization is not uncommon and can occur without a history of a cold injury.
The gradings and minimum spot temperature data show that the test-retest repeatability was good for the hands. According to the gradings of clinician A and the lead author, there was substantial agreement between the three tests involving the feet when the data were amended, and also according to the gradings of clinician B for the white volunteers. This indicates that although the response of the feet to the CST was more variable, the variation from one test to the next was largely to within one grading category. The lower LoA and CV for the minimum finger spot temperatures than the toe temperatures may partly reflect that the hands of the majority of the volunteers were rated with normal cold sensitization and hence less variation in the vascular responses of the hands than the feet. Previous work has examined the reproducibility of the CIC-CST based upon spot temperatures [22] , this may not be appropriate as only some spot temperatures in this study were related to the CS grading, as a large amount of information available from the entire foot or hand surface is ignored.
Differences between the responses of black and white volunteers to a cold challenge has been shown previously, with blacks showing lower finger temperatures and fewer cold-induced vasodilatations which possibly reflects differences in peripheral circulation [23] [24] [25] . The minimum toe temperatures of the black volunteers' 5 min post-immersion showed the greatest variability and the mean reduction in toe temperature from Test 1 to Test 3 was 1.7°C, which is greater than the differential between grading categories. With amended data, the CS gradings of clinician B indicated only fair agreement between the three tests for the feet of the black volunteers. Slightly raising core temperature through gentle exercise and hence ensuring vasodilation prior to the CST has been shown to increase test reproducibility [22] and warrants further investigation.
There was a high degree of random error in all skin perfusion measures. The MoorFLPI is unable to distinguish between the movement of blood within the limb and the movement of the limb itself and any movement within the analysis window appear as a false peak in the flux value. The application of the LSCA during the CST was challenging and the technique could not replace the use of infrared thermography.
This study demonstrates that the test-retest reliability of the CIC-CST is adequate for the assessment of the cold sensitization of the hands and feet of white healthy non-patients and the hands of black healthy non-patients. Although the gradings awarded by clinician A and the lead author indicated that the test-retest reliability was sufficiently adequate to assess the cold sensitization of the feet of black healthy non-patients, this was not fully supported by the gradings awarded by clinician B and toe temperature measurements. Increasing the number of black participants in the study would be needed to confirm conclusions related to ethnicity. To determine the test-retest reliability of the CST for the CIC, it is important that the study is repeated with patients with greater variability in the vascular response, and that both white and black patients are included in the study.
Key points
• The test-retest repeatability of a cold stress test used to assess cold sensitization was rated as substantial (to within ± one grading category) for the assessment of the hands and feet of the white nonpatient volunteers and the hands of non-patient black volunteers.
• The test-retest repeatability of the test was rated as fair for the assessment of the feet of non-patient black volunteers.
• These rating assessments which were based upon subjective gradings were supported by objective temperature measurements and limits of agreement analysis.
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